Objective: To test the hypothesis that massage would improve autonomic nervous system (ANS) function as measured by heart rate variability (HRV) in preterm infants.
Introduction
The purpose of our study was to test the effect of massage on heart rate variability (HRV) as the proxy measure of autonomic nervous system (ANS) development and function in preterm infants during 4 weeks of hospitalization. Hospitalized, preterm infants are exposed to numerous, continuous stressful events. Stressful events lead to exaggerated alterations in cardiac reactivity, a measure of ANS responsivity, in preterm infants. 1 Furthermore, cardiac reactivity does not improve as preterm infants reach term age. 2, 3 Persistent ANS dysfunctional responses to stressful events may continue beyond the preterm period and predispose infants to impaired stress response. 4 Tactile therapies such as infant massage, consisting of hand-applied pressure and movement to the soft tissues, reduce neurochemical and hormonal stress markers in preterm infants. [5] [6] [7] [8] [9] [10] Short-term improvement in ANS reactivity during massage in preterm infants has been reported, but longterm ANS developmental changes have not been studied. 5, 6 Despite these interesting findings, the mechanisms of neuroendocrine response in preterm infants to massage are poorly understood.
Maturation of the fetal neuroendocrine system occurs during late gestation (>32 weeks) and is essential for regulation of intrauterine homeostasis. Neuroendocrine system maturation includes the differentiation of the ANS and the hypothalamicpituitary-adrenal (HPA) axis. 11 Though anatomically distinct, the ANS and HPA systems function in a highly integrated and crossregulatory manner. Although ANS/HPA axis responses are protective and essential in acutely stressful conditions, they can become pathogenic when persistently activated under circumstances of chronic stress. 12, 13 Preterm birth interrupts maturation of the ANS/ HPA axis, and stressors in the early postnatal period increase HPA axis responsiveness. 14 In addition to increased HPA axis responsiveness, preterm infants have an immature ANS characterized by a dominant sympathetic branch concurrent with a developmentally delayed parasympathetic branch. 2, 3, [15] [16] [17] Stressful events activate the sympathetic branch, and in preterm infants the stress response is exaggerated due to the immature parasympathetic branch. Thus preterm infants with an immature ANS are prone to an exaggerated sympathetic response and delayed recovery following stressful stimuli. 2, 3 Clinical manifestations of an exaggerated symnpathetic response in preterm infants include blood pressure fluctuations, gaze aversion, apnea, bradycardia and color changes. Changes in ANS/HPA axis function have long-term adverse effects on postnatal growth, development and neurobehavioral responses and recovery from day-to-day stressful events in preterm infants.
We hypothesized that massage would improve ANS development and function in preterm infants as demonstrated by increased HRV. We measured HRV before, during and after massage as an indicator of ANS development and function.
Methods

Design
A prospective randomized, masked, longitudinal design was conducted. Electrocardiograph (ECG) data were continuously acquired each week during the morning study period at weeks 0 ¼ baseline, 1, 2, 3 and 4 from which HRV measures were extracted. Using a repeated-measures framework with change over time in HRV measures with an average correlation of 0.8, a minimum sample size of 14 infants per group was necessary to achieve a medium effect size of 0.56 with power ¼ 0.8 and a ¼ 0.05. 19, 20 Subjects Preterm infants admitted to the University of Utah Hospital and Intermountain Medical Center neonatal intensive care units (NICU), Salt Lake City, UT, were recruited for the study. Inclusion criteria were birth post-menstrual age 28 4/7 to 32 3/7 weeks confirmed by maternal dates and mid-pregnancy two-dimensional fetal ultrasound, appropriately grown for gestational age (5th to 95th percentile), enteral feeding of 100 ml kg À1 per day no later than day of life 14, and medically stable. Exclusion criteria included congenital anomalies, complex cardiac defects, birth injury, hypothyroidism, intraventricular hemorrhage >grade 2 or inborn errors of metabolism as these problems may influence stress and HRV measures.
Preterm infants were screened (N ¼ 175) for inclusion; 131 infants met the inclusion/exclusion criteria. At the time of informed parental consent, infants were stratified by sex (male, female) and randomized to massage or control by random draw from an envelope. Fifty-two infants (39%) were randomized to massage (n ¼ 27) or control (n ¼ 25). In all, 15 infants (10 massage and 5 control) had incomplete data due to early hospital discharge (n ¼ 9), viral illness (n ¼ 3), spontaneous bowel perforation (n ¼ 1) or parental withdrawal of consent (n ¼ 2) and these occurrences did not differ between groups. ECG data collection was complete for 17 massage and 20 control infants.
Massage and control treatment procedures Institutional Review Board approval was obtained before study initiation and NICU staff were educated to the study protocol. Massage was performed for 20 min twice daily from study days 1 to 29 on infants randomized to massage. This protocol was modeled after the Infant Massage USA protocol and modified for preterm infants by eliminating massage of the abdomen. Although there is no evidence that massage of the abdomen is associated with the development of necrotizing enterocolitis or other abdominal injury, we eliminated massage of the abdomen as a precautionary measure. The massage protocol consisted of the application of six soft-tissue compression strokes to the following areas of the supine infant: (1) top of thighs to ankles and feet, (2) chest over ribcage, (3) shoulders down the arms to hands, (4) head from crown to neck and (5) along the back from the neck to the waist. Range of motion to the arms and legs as described by Moyer-Mileur 21 was delivered following the massage. Control infants were in a supine position but did not receive massage or range of motion. The control protocol consisted of the massage therapist standing at the infant's bedside, behind the privacy screen and was provided for 20 min twice daily from study days 1 to 29.
Nine licensed massage therapists, certified in infant massage, provided all massage and control treatments. Both massage and control treatments were administered behind a privacy screen to maintain 'masking' of the infant's study assignment to other study personnel, parents and NICU clinical staff. The massage therapist remained behind the privacy screen with the infant for 20 min regardless of the infant's study assignment. A rotation schedule assured equal distribution of the therapists' within study subjects and between treatments. Only the therapist(s) and the principal investigator were aware of the infant's study assignment to minimize threats to internal validity of the study. The lead massage therapist (SH) randomly observed the treatment protocol every 20 treatments as administered by the massage therapists to ensure treatment fidelity.
Subjects were monitored throughout the study for evidence of physiologic instability. The massage therapists were trained to identify infant behavior suggestive of physiological stress including apnea, bradycardia and skin color changes. None of the infants developed physiological instability during the massage or control periods.
Measures: HRV ECG data were acquired with Mortara H12 þ Holter monitors (Mortara Instrument, Milwaukee, WI, USA) at a 1000 Hz sample rate to 512 MB flashcard media. Pre-gelled Kendall MEDI-TRACE (Covidien, Mansfield, MA, USA) mini hydrogel electrode patches were used and connected to the Mortara electrode harness. The analog ECG data recorded to the flashcard media were downloaded and converted to a digital signal after data acquisition. In view of the infants' small torsos, data were recorded using three bipolar leads, two chest leads, one ground lead and the Mason-Liker limb leads. The three bipolar leads are designed to be statistically orthogonal, capturing the maximum signal information while minimizing between lead independence. In general, this lead system provides larger amplitude signals and reduced interdependence among ECGs than other lead systems including VCG or EASI leads systems. 22 ECG data were collected continuously beginning 10 min pre massage or control, continuing during the massage or control, and for 10 min post massage or control at weeks 0, 1, 2, 3, and 4. ECG data were downloaded from the flashcard, archived and scanned using the H-Scribe system (Mortara Instrument). The scanned data were expanded to binary ECG files, processed to annotate each beat in the recording and stored in text files for analysis.
HRV in the frequency domain, the measure of ANS function, was extracted from the ECG. Frequency domain of HRV provides an estimate of the variance within specific frequency regions, the high-(HF) and low-frequency (LF) regions of HRV data. The HF and LF regions are influenced by different physiological phenomenon, specifically the HF region is influenced by the parasympathetic branch of the ANS and the LF region is influenced by the sympathetic branch of the ANS. 2, 15, 23 For the purposes of this study, the frequency regions as defined by Chatow et al. 15 were used: (1) LF region from 0.02 up to and less than 0.2 Hz, and (2) HF region from 0.2 to 2.0 Hz. The ratio of LF to HF is an ANS balance measure. Increased HRV is demonstrated when a decrease in LF/HF ratio occurs and is indicative of increased parasympathetic activity. Increased HRV is associated with improved awakenings during supine sleep and may be associated with decreased risk of sudden death. 24, 25 Decreased HRV is demonstrated when the LF/HF ratio increases and is indicative of increased sympathetic activity. Decreased HRV is associated with prone sleeping in preterm infants, which may be associated with sudden infant death. 26 
Data analysis
The analog ECG data were downloaded, converted to a digital signal after data acquisition, and each R-wave was identified for analysis of HRV. Before frequency domain analysis, each data file was partitioned into pre-session, massage or control session, and post-session segments. The variance within the LF region, the HF region and the LF/HF ratio were computed in SPLUS 7.0 for Windows (TIBCO Software, Palo Alto, CA, USA) for each data segment and entered into data files for further analyses as described below.
The generalized estimating equation procedure was used (IBM SPSS version 19.0, Armonk, NY, USA) to examine the effect of treatment (massage or control) on the LF/HF ratio for the presession, massage or control session, and post-session periods for all infants from week 0 (baseline) to week 4. All infants demonstrated individual trajectories of change and none of the slopes of the lines over time passed through the origin. Therefore, a random intercept for each infant and a random slope for study day were included in the model to estimate individual trajectories of change over time. Goodness-of-fit was achieved for the positively skewed LF/HF ratiodependent variable using the Gamma distribution. Post-hoc analysis in the generalized estimating equation procedure evaluating the effect of NICU, sex and caffeine citrate medication revealed only a significant effect by sex of the infant on the LF/HF ratio (P<0.05). Therefore, sex was included as a covariate in the LF/HF ratio analysis. Both two-way (group Â time) and three-way (group Â time Â sex) effects on LF/HF ratio pre-session, during the massage or control session, and post-session were examined.
Results
Infant characteristics
The preterm infants were medically stable, spontaneously breathing and receiving at least 100 ml kg À1 per day of enteral feedings at study entry. They progressed to full enteral feedings within 3 days of study entry. Massage and control infants did not differ in proportions by sex or ethnicity (Table 1 ). In addition, the means of massage and control infants did not differ for postmenstrual age or weight by time (birth, study entry and study completion). Mean heart rate pre-session (160 to 166 beats per minute (BPM)), during the massage or control session (158 to 167 BPM), and post-session (157 to 165 BPM) did not differ by group.
Heart rate variability For the LF/HF ratio during the pre-session, there was a main effect of group (Wald w 2 ¼ 5.846, P ¼ 0.016); the LF/HF ratio of massage infants was lower (mean ¼ 6.34 ± 0.04) than that of control infants (mean 8.04±0.06) indicating increased parasympathetic activity in the massage infants. There also was a significant group Â week interaction, such that control infants had a significant increase in LF/HF ratio from weeks 0 to 4 (Wald w 2 ¼ 18.645, P ¼ 0.001) indicating increased sympathetic activity. The massage infants had a significant decrease in LF/HF ratio from Weeks 0 to 4 (Wald w 2 ¼ 8.361, P ¼ 0.001) indicating increased Effect of massage on HRV in preterm infants SL Smith et al parasympathetic activity. The mean increase in LF/HF ratio in control infants was þ 2.77 and the mean decrease in LF/HF ratio in massage infants was -2.14. The three-way interaction effect of group Â time Â sex on pre-intervention LF/HF ratio was significant (Wald w 2 ¼ 22.727, P ¼ 0.004). Pre-session LF/HF ratio for massage and control infants by sex from weeks 0 to 4 is illustrated in Figure 1 . Control males had significantly higher LF/HF ratio at weeks 3 and 4 (Wald w 2 ¼ 4.021, P ¼ 0.004) compared with week 0 and compared with massage males at weeks 3 and 4 indicating increased sympathetic activity in the control male infants. The LF/HF ratio of massage males was significantly lower at weeks 3 and 4 (Wald w 2 ¼ 4.021, P ¼ 0.004) compared with the week 0 indicating greater parasympathetic activity over time. Female infants in massage and control groups had no significant change in LF/HF ratio from weeks 0 to 4 or between groups.
The LF/HF ratio during the massage or control session did not differ by group, time or by sex. Massage and control male and female infants' LF/HF ratio during treatment followed a similar trajectory with negligible increase or decrease from baseline to week 4.
There was a significant post-session group Â time Â sex interaction (Wald w 2 ¼ 28.359, P<0.001; Figure 2 ). Massage males had a significantly lower LF/HF ratio at weeks 2 and 3 compared with control males demonstrating increased parasympathetic function during the post-intervention period. This difference was no longer evident at week 4 and was not significantly different from the week 0 LF/HF ratio. The LF/HF ratio for female massage and control infants did not differ significantly from weeks 0 to 4. Discussion ANS development is incomplete in the prematurely born infant and the sympathetic branch is more developed than the parasympathetic branch. 25 Our findings demonstrate that massage increased the developmental trajectory of parasympathetic function in medically stable, male, preterm, hospitalized infants. The developmental trajectory for parasympathetic function in massage infants actually approximated that of the term infant as described by Patural et al. 3 We observed maximal power in the LF region, the sympathetic measure of ANS function, similar to those reported by Longin et al.
2 Furthermore, the post-intervention LF/HF ratio was lower in massage infants compared with control infants. This finding indicates stress response attenuation by massage, while standard medical care provided to control infants maintained a higher sympathetic outflow. Although ANS dysfunction is a characteristic of preterm infants, massage infants in our study demonstrated improved ANS functional development as demonstrated by increased parasympathetic activity in the LF/HF ratio.
The frequency ranges for HRV in adults differ from those of infants; therefore, we used the frequency ranges for preterm infants as described by Chatow et al. 15 Diego et al. 5 reported improved cardiac vagal index and decreased cardiac sympathetic index during the first massage period in preterm infants born between 22 and 37 weeks gestation and randomly assigned to massage, control or a sham treatment. The cardiac vagal index used by Diego et al. is a measure described by investigators who studied healthy adults, not preterm infants and because of the differences in HRV between adults and infants, the findings may not be accurate. 5, 27 These investigators also studied light versus moderate pressure massage in preterm infants and used respiratory sinus arrhythmia and heart rate as measures of vagal tone. 28 Vagal tone was significantly higher after a 15-min massage on 6 out of 10 days; however, the program employed in this investigation used a calculated value of Figure 1 Pre-session LF/HF ratio in male and female infants receiving massage intervention or the control. *Denotes a significant increase in LF/HF ratio from baseline to week 3 and from baseline to week 4 in control male preterm infants. *Denotes a significant difference between massage male and control male infants at weeks 3 and 4.
z Denotes a significant decrease from baseline to week 4 in massage male infants. Female massage and control infants demonstrated no significant differences in LF/HF ratio over time, from baseline to week 4 and there were no significant differences between massage and control females at any time point. Figure 2 Post-session LF/HF ratio in male and female infants receiving massage or the control. *Denotes a significant difference in LF/HF ratio at week 3 between massage and control males and denotes a significant increase in LF/HF ratio from weeks 0 to 3 in control males.
Effect of massage on HRV in preterm infants SL Smith et al vagal tone, which is not comparable to LF/HF ratio. 6 It is unclear if the frequency ranges used by others are based upon neonatal values, thus making comparison with our findings difficult. In addition, changes in heart rate alone are a poor measure of vagal tone due to the normal and expected variability in heart rate over time. In contrast to Diego et al., we did not find improved parasympathetic activity during the massage session; however, massage infants in our study did demonstrate improved parasympathetic activity from baseline to week 4, with a parasympathetic activity trajectory approximating that of the normal term infant as reported by Longin et al. 2 and Patural et al. 3, 5 Our findings conflict with findings of other investigators 5, 28 and we speculate that this is due to the stimulatory nature of manipulation during the massage. Other possible explanations for our findings conflicting with other studies include differences across studies in who delivered the massage and the masking of the intervention. We used licensed massage therapists and all sessions were masked so that parents, physicians and nurses did not know the infant's group assignment. Other groups used parents or research assistants to deliver the intervention and masking may not have been done. In addition, the measures used by others differ from our HRV measures making comparison difficult. Rather than a transitory increase in parasympathetic function during the intervention, massage infants in our study demonstrated an improved developmental trajectory of parasympathetic activity from baseline to week 4 as demonstrated by the change in HRV pre-session. Massage infants did not have a sustained decrease in LF/HF ratio at week 4. This may be due to a number of factors. Infants in the study at week 4 were nearing hospital discharge and transitioning to oral feeding by bottle or at the breast, thus increasing an infant's stress. Infants were also maturing and the effect of ANS maturation may have led to perturbations in HRV.
We found significant gender differences with massage males demonstrating improved parasympathetic function over time compared with males in the control group and females in both groups. Preterm male infants have higher morbidities and mortality than their female counterparts. 29 Preterm male infants have a dysfunctional microvasculature that contributes to hypotension 30, 31 and prolonged stress may lead to metabolic perturbations, immune response and growth abnormalities. 32 Our work demonstrates that a well-delivered massage intervention may improve the ANS development in preterm male infants who are more vulnerable to stress response. The long-term effects of massage and the effects of this therapy on preterm male or female infant morbidity and outcomes are unknown. If massage improves the male infant's ability to respond to stressful events, there may be prolonged effects on minimizing morbidity and chronic disease.
Limitations in this study include the lack of standardized ranges for LF and HF regions of HRV for infants. This remains problematic despite the research that has been conducted in this area. 2, 3, 15, 33 We used the frequency regions of Chatow et al., the first investigators to describe normative values in preterm and term infants during the first few weeks of life. 15 The issue of a lack of standardized ranges must be resolved. Other measures of ANS function were not used in this study. These include direct muscle sympathetic nerve activity microneuorgraphy techniques and serum biomarkers such as neuropeptide Y. These methods were beyond the scope of our study and are not feasible for use in infants due to invasiveness, cost and a lack of clearly defined values in the preterm population.
Conclusion
Massage therapy with range of motion had a positive effect on HRV development in medically stable, preterm, hospitalized male infants. The homogeneous sample of well preterm infants born 29 to 32 weeks gestation strengthens our findings. Importantly, we demonstrated the positive effect of massage on parasympathetic function and development over time. Further, our group found a sex difference in the effect of twice-daily massage therapy on HRV in preterm infants. The modifying effect of gender demonstrates that HRV changes in males to this therapy may prove beneficial and may have protective effects by tempering the stress response. These findings are generalizable to a similar population of preterm infants. The results of this study provide a foundation for investigation of the effects of massage on HRV maturation and long-term development in preterm infants by sex of the infant.
